Summary: A procedure for occluding the stem of the proximal middle cere bral artery of the rat is described. The operation is performed under anaesthesia through a small subtemporal craniectomy. After occlusion, 3 animals were perfused with carbon black and 8 with a FAM fixative (40% formaldehyde, glacial acetic acid, and methanol). The findings were compared with sham-operated animals. Carbon black studies demonstrated an area of impaired perfusion corresponding to the territory of the occluded artery in each animal. Neuropathological studies invariably showed that there was ischaemic brain damage in the cortex and basal ganglia. The frontal cortex was involved in every animal, as was the lateral part of the neostriatum; the sensorimotor and auditory cortex were involved in most animals, whereas the occipital cor tex and medial striatum were involved only infrequently. The damage pro duced by ischaemia could be readily distinguished from the small local lesion seen at the surgical site in sham-operated animals. The ability to produce a consistent focal ischaemic lesion in the rodent brain provides a technical ap proach that is sufficiently reproducible to enable investigation of the pathophysiology of ischaemia using recently developed autoradiographic and neurochemical methods. Key Words: Focal cerebral ischaemia-Middle cere bral artery occlusion-Rat.
The importance of cerebral ischaemia in clinical practice has stimulated the development of experi mental models of its various forms: global and re gional, complete and incomplete, permanent and transient (Molinari and Laurent, 1976; Katzman et aI., 1977) . Experiments have been carried out in a wide variety of animal species, but a number of considerations point to the need for reliable models of cerebrovascular dysfunction in the rat. For it is in the rat that the most detailed information about the normal organisation of the various neurotransmitter 53 systems, neurochemistry, and neuropharmacology has been obtained during the last decade (Iversen et aI., 1978; Roberts et al., 1978; Siesj6, 1978; Brown and Cooper, 1979) . Moreover, the similarities be tween the anatomy of the cranial circulation of rat and man (Yamori et aI., 1976) , particularly when contrasted with other species such as the gerbil, cat, and dog, are another important advantage when modelling human cerebrovascular disease. Also, it is in the rat that, as a result of a number of technical innovations, a range of quantitative autoradiograph ic methods have been developed that measure in a precise anatomical manner various aspects of cerebrovascular function.
Considerable insights have been gained in rats into the biochemical consequences of global cere bral ischaemia induced by a variety of techniques (Eklof and Siesjo, 1972; Ljunggren et aI. , 1974a,h; Brierley et aI., 1975; Siemkowicz and Hansen, 1977; Nordstrom and Siesjo, 1978; Pulsinelli and Brierley, 1979; Diemer and Siemkowicz, 1980) . On the other hand, these models do not relate directly to the more common clinical problem of regional isch aemia. Indeed, the symmetrical but patchy dis tribution of the lesions in some models may be a disadvantage, because this precludes the possibility of comparing changes in damaged regions with contralateral normal structures in the same animal.
The design of a reproducible, regional ischaemic lesion in the rodent has proved elusive. After an extracranial artery is occluded, the efficiency of the intracranial collateral circulation usually prevents the development of brain damage unless an addi tional stress, such as hypoxia (Levine, 1960; Brown and Brierley, 1966 , 1968 Salford et aI., 1973a,h) or hypotension (Eklof and Siesjo, 1972; Nordstrom and Rehncrona, 1977) , is added or un less a pre-existing vascular anomaly (Levine and Payan, 1966; Levine and Sohn, 1969; Kahn, 1972; Harrison et aI., 1973; Levy et aI., 1975) or diffuse vascular disease is present (Okamoto and Aoki, 1963) . These stresses can introduce important com plicating factors, and the lesions that result are commonly variable.
The occlusion of an intracranial artery, usually the proximal middle cerebral artery, is widely used to produce focal ischaemia in larger animals such as the cat (Sundt and Waltz, 1966) , dog (Suzuki et aI., 1980) , and primate (Hudgins and Garcia, 1970) . A reproducible lesion results, provided that the artery is occluded at a proximal site and cardiovascular and respiratory status is rigorously controlled. We have devised a method for occluding the proximal middle cerebral artery in the rat and report the technique and the consistency of its neuropatho logical consequences.
CEREBRAL CIRCULA nON OF THE RAT
The anatomy of the arterial supply to the cerebral hemispheres in the rat is essentially similar to that of humans (Yamori et aI. , 1976) . Each has anterior, middle, and posterior cerebral arteries which give rise to cortical and basal perforating branches. In the rat all three arteries are derived mainly from the internal carotid arteries but connect via an azygos anterior cerebral artery and via posterior com municating arteries to form a modified circle of Wil lis. The middle cerebral artery in the rat runs lat erally over the surface of the olfactory tract before
giving any major branches to the cerebral cortex of the lateral aspect of the hemisphere. Between its origin and the lateral edge of the olfactory tract it gives some medial perforating, lenticulo-striate branches to the posterior part of the caudate putamen complex and a variable branch to supply the olfactory tract and circumference of the hemi sphere. The latter sometimes comes from the ca rotid artery. The anterior part of the caudate putamen complex is supplied by lateral striate branches from the middle cerebral artery and, in addition, medially receives a supply from Hubner's arteries from the anterior cerebral artery. Distal to the olfactory tract, the cortical branches of the MeA are more variable.
When compared with the cat, dog, and primate, the origin of the middle cerebral artery lies rela tively further from the optic foramen. For this reason the trans-orbital approach to the middle cerebral artery used in the former species proved unsuit able in the rat and therefore a subtemporal approach was evolved.
MATERIALS AND METHODS

General Preparation
Adult male Sprague-Dawley rats (3 10-4 17 g) which had been permitted free access to food and water until the day of the experiment were anaesthetised with 2% halothane. Tracheostomy was performed, and the animal was ventilated with a nitrous oxide/oxygen mixture (70%:30%) con taining 0.5% halothane. Gallamine triethiodide (20 mg/kg, i.p.) was given, and normoxia and nor mocapnia were achieved by controlled ventilation. Polyethylene catheters (15 cm long) were intro duced into one femoral artery and one femoral vein to allow the continuous monitoring of mean arterial blood pressure, the repeated sampling of arterial blood, and the administration of fluids, heparin, etc. , when appropriate. The animals were main tained normothermic by means of a homeothermic heating system coupled to a rectal thermistor probe.
Exposure of Middle Cerebral Artery
The animal was placed in the lateral position, and a curved vertical 2 cm skin incision was made in the midpoint between the left orbit and the external auditory canal. Subsequent steps were carried out using microsurgical techniques. The skin incision was retracted and the parotid gland exposed in the postero-inferior quadrant of the field. The vascular supply to the parotid was diathermied and divided at its antero-superior pole, and the gland was mobilised posteriorly. An incision was made around the superior and posterior margins of the temporalis muscle, and using an elevator, the muscle was scraped from the lateral aspect of the skull and re flected forwards. The major portion was then ex cised by making a vertical incision down its anterior margin and across its attachment to the tip of the coronoid process of the mandible. This bone and the posterior half of the zygoma were removed with a fine rongeur (Fig. I) . The infero-temporal fossa was then exposed, the floor of which was formed by the pterygoid muscles across which passed the mandibular nerve. The posterior part of the fossa was formed by the temporo-mandibular joint. The muscles were retracted downwards, and the mandibular nerve was followed medially (Fig. 2) , across the anterior aspect of the temporo-mandibular joint to the foramen ovale. A craniectomy was made, using a saline-cooled dental drill, at the junction between the medial wall and the roof of the infero temporal fossa (Fig. 3 ).
The position of the skull opening was critical, and its centre was about 3 mm anterior and I mm lateral to the foramen ovale. There was often a shallow channel running vertically down the base of the skull in this region, which was straddled by the craniectomy. The dura was opened through a cruciate incision by means of a fine needle. The middle cerebral artery ran forwards initially, then turned laterally over the white band of myelinated fibres which formed the lateral edge of the olfactory tract. It was distinguished from its accompanying vein by being straighter and usually having fewer
Artist's impression of a low power view through the operating microscope after partial removal of the zygoma (A) and re traction of the temporalis muscle (C) to expose the mandibular nerve (B).
FIG. 3.
Artist's impression of a high power view through the operating microscope showing exit of mandibular nerve from the foramen ovale (A). Behind it there is a small vein, and next to this is shown the craniectomy (B) through which are exposed the middle cerebral vessels.
branches. The arachnoid on either side of the ar tery was divided by a fine needle, and it was occluded between its cortical branch to the rhinal cortex and the lateral striate arteries. The craniec tomy was then covered by a small piece of gell foam, the soft tissues were allowed to fall back into place, and the skin sutured.
Delineation of Ischaemic Damage
In 8 animals (3 control and 5 with middle cerebral artery occlusion) areas of ischaemia were de lineated by the intracardiac perfusion, after a quick flush with normal saline, of a fine suspension of carbon black (Pelikan carbon ink suspension) deliv ered at the MABP of the individual animals. After carefully removing the specimens from the skulls, the brains were immersion-fixed in 10% formal saline for a minimum of 10 days. Thereafter the specimens were photographed both externally and after coronal sectioning.
Neuropathology
Two hours after the surgical procedure, 16 rats (8 sham operated and 8 with middle cerebral artery occlusion) were perfusion fixed with 40% formal dehyde, glacial acetic acid, absolute methanol in the ratio 1: 1:8, v/v (FAM), by the method described previously (Brown and Brierley, 1968) . Briefly, the animals were placed in the supine position and heparinised (1000 IU/kg). A thoracotomy was per formed, and a cannula was introduced into the ascending aorta via the left ventricle. Physiological saline was infused at the animal's MABP for 5-10 s after incising the right atrium. This was fol lowed immediately by 200 ml of F AM fixative at the same pressure. After perfusion the rats were decapitated and the head was stored in fixative at 4°C for at least 12 h. The brain was then re moved. The hind-brain was detached by a cut through the mid-brain and the cerebral hemispheres were cut into 5 coronal slices, each 2 mm thick. The brain stem was cut perpendicular to its long axis into slices 2 mm thick and the cerebellum into 2 slices perpendicular to the folia of the dorsal angle of each hemisphere. Bilateral blocks of brain were embedded in paraffin wax and sections 7 -8 /Lm thick were stained by haemalum and eosin and by a method combining cresyl violet and Luxol fast blue. The sections were examined by conventional light microscopy by one of us without prior knowledge of the animal's history. Any abnormalities were charted on line diagrams of the rat brain.
RESULTS
General Preparation
The cardiovascular and respiratory status of the sham-operated and the middle cerebral artery occluded animals is shown in Table 1 , from which it can be seen that there was no statistically significant difference in the blood gases, blood pH, and MABP between the two groups.
Delineation of Ischaemic Area
Adequate perfusion was achieved in all animals. There were no areas of ischaemia in the cerebral hemispheres of any of the sham-operated animals. By contrast, in all the middle cerebral artery occluded animals there was pallor (that is the failure to perfuse) of the cortex of the lateral convexity ipsilateral to the occlusion. This was greatest in the frontal and sensorimotor regions of the cortex, and variable elsewhere. This change was apparent both on the surface of the brain (Fig. 4) and in the coronal sections (Fig. 5) , which showed pallor in the basal ganglia, particularly in the lateral segment of the caudate nucleus. Pallor was never seen in the cin gulate cortex, the hypothalamus, the globus pallidus, the thalamus, the hippocampus, the subthalamic structures, the cerebellum, or the brain stem and was therefore restricted to those areas of the brain that are normally supplied by the middle cerebral artery in the rat (Yamori et aI., 1976) .
Neuropathology
There was often a small amount of subarachnoid haemorrhage around the stem of the middle cerebral artery ipsilateral to the surgery. In no instance was there any evidence of gross bleeding into any of the intracranial compartments.
There was no evidence of brain swelling or inter nal herniation. As judged by the absence of blood in the vessels, good neuronal morphology, and the ab sence of the cytological artifacts, the "dark cell" and "hydropic cell" (Cammermeyer, 196 1; Brown and Brierley, 1968) , perfusion fixation appeared to be adequate in all animals. The only microscopic abnormality in the sham-operated animals was a small area of haemorrhagic necrosis in the cortex related to the rhinal fissure that corresponded with the site of surgery.
In the animals with occlusion of the middle cere bral artery, there was a remarkably constant pattern of ischaemic brain damage. In essence, this con sisted of irreversible brain damage with the mor phological characteristics of the ischaemic cell pro cess as described previously in F AM-fixed material ( Brown and Brierley, 1968) . Structures affected by the ischaemic cell process are given in Table 2 , and Fig. 6 illustrates the most common (5 of 8 animals) distribution of the ischaemic damage. In 1 animal there was less ischaemic damage, and in 2 others the area of ischaemic damage was more extensive. In all 8 animals the ischaemic damage always lay within the distribution of the occluded middle cere bral artery. Ischaemic damage was commonly seen in the cortex of the frontal, sensorimotor, and au ditory areas and to a lesser extent in the cortex of the occipital lobe; it was also a constant finding in the lateral segment of the caudate nucleus and only to a variable extent in its medial portion. No histo logical abnormalities were seen in any other struc tures ipsilateral to the occluded vessel or in the contralateral hemisphere, the cerebellum, or the brain stem.
DISCUSSION
Occlusion of the proximal part of the middle ce rebral artery in the rat is technically feasible and its histological consequences are consistent. In these animals the area damaged as a result of proximal occlusion always included the cortex of the frontal lobe and the lateral part of the caudate nucleus. The sensory and auditory cortex were usually also in volved. The finding in the present study that an isch aemic lesion invariably developed in the territory of the occluded middle cerebral artery has been substantiated by subsequent experience, gained both in Glasgow and in other centres (Miami, Tokyo). More than 100 procedures have been per formed by different operators, who have confirmed the consistency of the development of ischaemic brain damage when the artery is occluded proxi mally. Furthermore, we have found that a post operative survival of several days is feasible. When this is planned the operation is performed through a smaller exposure: the zygoma and the coronoid process are left in place and the temporalis muscle is simply retracted. It is, however, necessary for a new operator to gain experience before a definitive experimental series is undertaken; and because there are varia tions in the vascular anatomy of different strains of rat, we recommend that a pilot study be carried out first so that the existence of a lesion can be verified and its extent determined in histological prepara tions.
The extent of the ischaemic damage in the neocortex may be proportionately more than is seen in the primate (Symon et aJ., 1975) , but the in volvement of both cortex and basal ganglia is otherwise similar to that seen in larger animals. Waltz (1979) has pointed out that proximal middle cerebral artery occlusion is probably equivalent to a massive, possibly fatal, hemisphere ischaemic stroke in man. The difference between such a lesion and the small, recoverable lesion commonly seen in clinical practice is probably in the extent of brain in volved rather than in the pathophysiological disor ders that are responsible for the development of ischaemic damage.
It is probably because the middle cerebral artery was occluded proximally that we observed lesions which appeared to be larger and less variable than those produced by Robinson et aJ. (1975 Robinson et aJ. ( , 1977 and Robinson (1979) . The latter produced regional isch aemia in the rat by ligating the artery distal to the rhinal fissure. The procedure had a low mortality and resulted in a lesion that usually affected the full thickness of the fronto-parietal cortex and mea sured between 2 and 5 mm diameter. The model allowed interesting studies of the relationship be tween the neurochemical and functional conse quences of the lesion, but the exact location and size of the lesion were inconsistent. Experience with larger animals suggests that unless the middle cerebral artery is occluded near its origin, a very variable lesion results. This was our experience when we carried out pilot studies of the effects of occluding it distal to the rhinal fissure. The lesions were highly variable, ranging in size from only a few cells up to 5 mm in diameter. They were also often in very close proximity to the site of surgery, so that it was sometimes difficult to distinguish damage due to ischaemia from the local effect of the opera tion.
Because occlusion of an intracranial artery in volves opening the skull and subarachnoid space and so could produce local brain damage, there would be advantages if it were possible to produce regional ischaemia by the occlusion of an extracra nial artery. However, because most rodents have extensive intracranial collateral circulations, occlu sion of a carotid artery does not consistently de range cerebral metabolism or produce ischaemic brain damage unless another stress, such as hypoxia (Levine, 1960; Brown and Brierley, 1966 , 1968 Salford et aI., 1973a,b) or hypotension (Eklof and Siesj6, 1972; Nordstrom and Rehncrona, 1977) , is added. Systemic hypoxia and hypotension may damage organs such as the heart and kidneys, and we have found that it is difficult to maintain physio logical conditions under these circumstances, mor tality is high, and the extent of brain damage in constant.
The Mongolian gerbil has been widely used in studies of regional cerebral ischaemia because it has a functionally incomplete circle of Willis. Unilateral carotid occlusion does produce ischaemic brain damage (Levine and Payan, 1966; Levine and Sohn, 1969; Kahn, 1972; Harrison et aI. , 1973; Levy et aI. , 1975) , but the disadvantage is that only between 30 and 40% of animals are clinically affected by isch aemia (Levine and Sohn, 1969; Levy et aI. , 1975) , and only 31 % have histological evidence of isch aemic brain damage (Levy et aI. , 1975) . Moreover, the gerbil is predisposed to convulsions (Loskota and Lomax, 1975) , and 75% of clinically affected animals develop generalised seizures (Levy et aI. , 1975) . Seizures are a rare complication of isch aemic stroke in man (Louis and McDowell, 1967) . They increase cerebral energy metabolism (Howse et aI., 1974) and may lead to a type of cell damage that is not related to the duration of ischaemia but is possibly a consequence of the epileptic seizures per se (Brown et aI., 1978) .
As well as lacking a circle of Willis, the arrange ment of arteries in the gerbil brain shows other im portant differences from that of man, so that Moli nari and Laurent (1976) emphasised the limitations of the gerbil as a model for human cerebrovascular disease.
Another method that avoids the need for hypoxia and hypotension is to inject microemboli into the carotid artery of a rat (Siegel et aI. , 1972; Kogure et aI., 1974 Kogure et aI., , 1979 . This does not seem to produce strictly unilateral ischaemia, and brain water, en ergy state, and monoamine levels are deranged in both hemispheres. It has also been difficult to achieve a reproducible degree of ischaemia with this method, but radioactive labelling of microspheres has enabled the number distributed to a particular region, and so perhaps the severity of the insult, to be quantified (Bralet et aI., 1979) . Unfortunately, this precludes the use of quantitative autoradio graphic methods to study changes in the animal's cerebrovascular function.
In the past, the main advantage of rodents has been their relative cheapness when a large number of experiments were necessary, as in the study of the time course of damage or of drug dose-response relationships. More recently, the design of small animal models of brain ischaemia has become im portant as a result of the development of quantita tive autoradiographic techniques for determining a variety of aspects of the function of the cerebrovas cular system and for quantifying brain glucose utili sation and protein synthesis in precise regions of the brain. These were established initially in rodents, one reason being the high cost of such methods in larger animals. The reproducibility of the lesion that results from proximal middle cerebral artery occlu sion in the rat and its clearly demarcated, unilateral distribution makes this model very appropriate for autoradiographic investigations into cerebrovascu lar function in focal ischaemia (Tamura et al. , 198 1) .
